background: Semenogelin (Sg), the main protein of human semen coagulum, prevents sperm capacitation. The objective of this study was to examine the role of Sg and its mechanism of action.
Introduction
Capacitation, which is the first step of sperm activation towards the acquisition of fertility, is a complex process associated with timely series of events including increases in cellular cAMP, calcium (Ca  2+ ) and pH, decrease in membrane fluidity, phosphorylation of Ser, Thr and Tyr residues on proteins and the generation of reactive oxygen species (ROS) (de Lamirande and Gagnon, 1995; de Lamirande et al., 1997; Herrero et al., 2000a Herrero et al., , b, 2003 De Jonge, 2005; O'Flaherty et al., 2006a, b; de Lamirande and O'Flaherty, 2008) . ROS, such as the superoxide anion (O 2 † -) and nitric oxide (NO †), are short-lived reactive molecules that often serve as second messengers of physiological processes and as modulators of signalling events (Drö ge, 2001; Mikkelsen and Wardman, 2003; Halliwell and Gutteridge, 2007) . The generation of low and controlled amounts of ROS by spermatozoa is now recognized as one of the initiating events of capacitation, ROS being major regulators of most of the transduction cascades known to be involved in this process (de Lamirande and Gagnon, 1995; Aitken et al., 1997; de Lamirande et al., 1997; Herrero et al., 2000a Herrero et al., , b, 2003 O'Flaherty et al., 2006a, b; de Lamirande and O'Flaherty, 2008; ). Sperm NO † synthase (NOS) and a still elusive oxidase generate ROS from the beginning of incubation and for the whole capacitation period (de Lamirande and Gagnon, 1995; Herrero et al. 2000a; .
Fine tuning of capacitation is essential for the achievement of proper fertilization. Premature onset of capacitation, or of the hyperactivated motility that is associated with this process, is linked to lower fertility (de Lamirande and Gagnon, 1993; de Lamirande et al., 1997; Cormier at al., 1997) . Seminal plasma contains several factors, including zinc ions (Zn 2+ ) (Andrews et al., 1994; , cholesterol (Cross, 1996) , phosphatidylcholine-binding proteins (Desnoyers and Manjunath, 1992) , glycodelin-S (Chiu et al., 2005) and semenogelin (SEMG1, Sg) (de Lamirande et al., 2001; de Lamirande, 2007) , that appear to avoid premature sperm activation. Of interest is the observation that the concentrations of Zn 2+ and Sg needed to prevent human sperm capacitation and associated O 2 †-formation are 100-fold lower (de Lamirande et al., 2001 ) than those found in seminal plasma (Zn 2+ : 2-5 mM; Sg: 10-20 mg/ml).
Semenogelin I (SgI, 52 kDa) and the less abundant semenogelin II (SgII, 71 and 76 kDa), are the major components of human semen coagulum and represents 20 -40% of seminal plasma proteins (Robert and Gagnon, 1999; de Lamirande, 2007) . SgI and SgII, which will be collectively called Sg in this article, originate from seminal vesicles and are rapidly degraded, mostly by the prostate specific antigen (PSA; Robert and Gagnon, 1999; Jonsson et al., 2005 Jonsson et al., , 2006 de Lamirande, 2007) . Sg, as well as its degradation peptides, possess various properties in spermatozoa, such as activation of hyaluronidase (Mandal and Bhattacharyya, 1995) , inhibition of movement Gagnon, 1995, 1999; de Lamirande, 2007; Yoshida et al., 2008) , antibacterial activity (Edströ m et al., 2008) , hyperpolarization of plasma membranes (Yoshida et al., 2009 ) and prevention of capacitation and related O 2 † -synthesis and hyperactivated motility (de Lamirande et al., 2001; de Lamirande, 2007) . Furthermore, they bind and/or interact with a battery of proteins such as fibronectin (Robert and Gagnon, 1999; de Lamirande, 2007) , protein C inhibitor (Suzuki et al., 2007) , heparin (Kumar et al., 2008) , CD52 (GPI anchored or not) (Flori et al., 2008) , and form a macromolecular complex with eppin (SPINLW1), lactotransferrin and clusterin (Wang et al., 2007) . The very basic isoelectric point of Sg (pI . 9.5) (Robert and Gagnon, 1999; de Lamirande, 2007) may be partly responsible for binding to these proteins and to the surface of spermatozoa (Lilja et al., 1989; Zalensky et al., 1993; Bjartell et al., 1996; Yoshida et al., 2009 ) which has a high content of acidic (often sialylated) proteins (Oshio et al., 1987) . In in vitro assays, Sg is a substrate for transglutaminases (Peter et al., 1998) , as well as for PKA and PKC (Ek et al., 2002) . The high-binding capacity of Sg and its fragments for Zn 2+ (up to 10 Zn 2+ per Sg) is important for the modulation of PSA activity (Robert and Gagnon, 1999; Jonsson et al., 2005 Jonsson et al., , 2006 de Lamirande, 2007) and promotes the binding of Sg to sperm proteins in cell-free assays (Yoshida et al., 2008) as well as the shuttling of Zn 2+ to the sperm nucleus where it is essential for DNA stability (Robert and Gagnon, 1999; de Lamirande, 2007) . We have reported that Sg prevents capacitation via the inhibition of O 2 † -synthesis (de Lamirande et al., 2001; de Lamirande, 2007) , but this may be only a part of a more complex mechanism of action. The action of Sg on NO † production is also probable considering the close interaction between O 2 †-and NO † and/or their generators ). In addition, the high-binding capacity of Sg for Zn 2+ (Robert and Gagnon, 1999; de Lamirande 2007; Yoshida et al., 2008) , an ion known to block sperm ROS (O 2 † -and NO †) production and capacitation (de Lamirande et al., 2001 , could suggest that Sg acts via bound Zn 2+ or that Zn 2+ is needed to some extent for the Sg effect. Finally, it is also possible that Sg plays a role at the intracellular level considering the reports on the presence of Sg-like fragments in sperm fractions (Zalensky et al., 1993; Gagnon, 1995, 1999; de Lamirande 2007; Martínez-Heredia et al., 2008) . Indeed, a 19 kDa protein, maybe from Sg processing, is present at the periphery of detergent-treated and sonication-resistant human sperm nuclei (Zalensky et al., 1993) . Furthermore, a 21 kDa protein identified as semenogelin I precursor (SEMG1pre) is found in spermatozoa and present at higher concentration in infertile men (Martínez-Heredia et al., 2008) . In light of these observations and possibilities, our first aim was to further study the action of Sg on sperm capacitation and evaluate the role of ROS (O 2 †-and NO †) generation and the possible mediation by Zn 2+ in its effect. Then, we determined whether Sg and/or its fragments present in cellular extracts are cleared from spermatozoa during the early phase of capacitation and whether ROS and Zn 2+ influence this event and affect Sg processing. Finally, we immunolocalized Sg in spermatozoa in an attempt to relate previous findings with events observable in cells.
Materials and Methods

Materials
The following substances were bought from Sigma-Aldrich Inc. (St Louis, MO, USA): bovine serum albumin (BSA, fraction V, fatty acid-free), N G -
′ -O-dibutyryl cAMP) and Pisum sativum agglutinin conjugated to fluorescein isothiocyanate. 2-Methyl-6-(p-methoxyphenyl)-3,7-dihydroimidazo (1,2-a)pyrazin-3-one (MCLA) was bought from TCI America (Portland, OR, USA) and diaminofluorescein-2 (Daf2) and Daf2-diacetate (Daf2-DA) from Invitrogen (Burlington ON, Canada). Ethanamine,1,1-diethyl-2-hydroxy-2-nitrosohydrazine (DA-NONOate) was obtained from Cayman Chemical Co (Ann Arbor, MI, USA), superoxide dismutase (SOD, from bovine erythrocytes) from Roche Molecular Biochemicals (Laval, QC, Canada) and N, N, N',N'-tetrakis-(2-pyridylmethyl)ethylenediamine (TPEN), peroxynitrite (ONOO -) and xanthine oxidase (from cow's milk) from EMD Biosciences (Gibbstown, NJ, USA Fetal cord blood (FCSu) was collected at the birthing centre of the Royal Victoria Hospital (Montréal, QC, Canada) after informed consent was obtained from the patients. The ethics board of the McGill University Health Centre approved this study. Blood samples were centrifuged and supernatants were pooled and frozen. Ultrafiltrates (FCSu) were prepared with YM3 membranes (exclusion limit of 3 kDa; Amicon, Oakville, ON, Canada) (de Lamirande and Gagnon, 1995; O'Flaherty et al., 2006a) . Two pools of 20 and 24 cord blood samples were used in this study and silver stain confirmed the absence of proteins in 15% polyacrylamide gels loaded with FCSu alone.
Sperm preparations and treatments
Healthy volunteers (15 men in our group) signed an informed consent as requested by the ethics board of the McGill University Health Centre and their semen samples were normal (World Health Organization, 1999) . Spermatozoa were purified by density gradient centrifugation using Percoll (95-65 -40 -20% layers) made isotonic with HEPES-balanced saline (de Lamirande and Gagnon, 1995; de Lamirande et al., 2001; O'Flaherty et al., 2006a; 
Measurements
Capacitation was measured after a 3.5 h incubation at 378C by induction of the acrosome reaction with lysophosphatidylcholine and detection with Pisum sativum agglutinin conjugated to fluorescein isothiocyanate as described before (Cross et al., 1986; de Lamirande et al., 1997) . For each slide 300 -500 cells were evaluated. The production of O 2 †-was assessed by MCLA-amplified luminescence using a multimode microplate reader (Fluostar Optima, BMG Labtech; Durham, NC, USA) in the integration mode (5 s), with mixing of the sample at 378C. Measurements started when the amplifier MCLA (20 mM) was added to spermatozoa (5 × 10 6 /ml) (de Lamirande and Gagnon, 1995; ), recorded for 60 min and calculated when the plateau was reached (20-25 min). MCLA is a very sensitive and cell impermeant probe; every sample, cells and medium, must be run in parallel with a similar one in which SOD is added so that only the SOD-inhibitable signal (the real measure of the presence of O 2 †-) is considered and that the contribution of the medium can be subtracted. The complete method and calculations have been justified before (de Lamirande and Gagnon, 1995; ).
The production of NO † was measured using Daf2-DA as probe, by the increase in the percentage of spermatozoa with a bright fluorescent head after 1 h of incubation, as justified before . Spermatozoa (400 × 10 6 cells/ml) loaded with Daf2-DA (10 mM) were diluted 20-fold and then treated for 1 h at 378C, fixed with formaldehyde (2%), mounted with a mix of glycerol and buffered saline (9:1, v/v) containing DABCO (1.5%, w/v) as anti-fading agent and observed under the microscope. We reported that the percentage of spermatozoa with a bright fluorescent head is closely related to the generation of NO † and capacitation and is prevented by inhibitors of these processes ). For each sample 200 -300 cells were evaluated. The probes, MCLA and Daf2-DA, used under our experimental conditions, are specific for the ROS measured and do not modify sperm capacitation ).
Student's t-test or variance analysis (ANOVA) (paired values and two tails) followed by protected least significant difference test was used to evaluate the differences in the levels of capacitation, ROS production or labelling patterns. A difference was considered significant with P , 0.05.
Immunoblotting experiments
Spermatozoa (20 × 10 6 cells/ml) were treated for 15 -45 min at 378C, washed and concentrated 5-fold by centrifugation (1200g), incubated with Triton X-100 (0.2%, v/v) for 10 min on ice and then centrifuged (12 000g). The Triton-soluble fraction was collected and the Triton-insoluble pellet was first washed with HEPES-balanced saline before resuspension with HEPES-balanced saline. Both fractions were supplemented with SDS -PAGE buffer (reducing conditions) and boiled for 5 min. In another series of experiments, sperm extracts (equivalent to 2 × 10 6 cells/ml) were incubated for 30 min with Sg (0.01 mg/ml) in the absence or presence of Zn 2+ (50 mM) before addition of SDS -PAGE solubilization buffer in order to evaluate the potential of these extracts to process Sg. Sperm proteins were separated by SDS -PAGE (12% acrylamide gels), electrotransferred on nitrocellulose membranes, immunoblotted with anti-Sg (9 mg/ml) antibody and then with donkey anti-rabbit IgG conjugated to horseradish peroxidase. The specificity of the anti-Sg antibody was ascertained by pre-incubation with purified Sg or seminal plasma (for Sg fragments). Controls of pure Sg and seminal plasma were also loaded on gels. Labelled proteins were detected using an enhanced luminescence kit. Blots were then washed and silver stained to confirm equal loading of sperm proteins in all wells.
Immunocytochemistry
Spermatozoa (20 × 10 6 cells/ml) were treated for 30 min at 378C, washed and concentrated 5-fold by centrifugation (1200g). After smearing on Superfrost Plus slides (Fischer Scientific, Montréal, QC, Canada), cells were dried before fixation. Spermatozoa were permeabilized with ice-cold methanol and then Triton X100 (0.1%, v/v). Alternatively, cells were fixed with ice-cold trichloroacetic acid (TCA; 10%, w/v) (Hayashi et al., 1999) and extensively rinsed with Tris-buffered saline (pH 7.8; TBS). For both fixation techniques, cells were then rehydrated, incubated with goat serum (5% in TBS) as blocking agent, then for 1 h with anti-Sg antibody (90 mg/ml) and then with biotin-labelled anti-rabbit antibody (dilution 3:1000) followed by streptavidin conjugated to Alexa Fluor 555 (1:500, w/v) (Thundathil et al., 2003; O'Flaherty et al., 2006b) . Smears were mounted with Prolong Antifade. Control slides were also prepared for incubation with the second antibody alone, the Alexa Fluor 555-conjugated streptavidin alone or anti-Sg antibody preincubated with an excess of Sg. The proportion of cells without fluorescence on the equatorial segment (methanol and Triton) or on the acrosome (TCA) was determined. For each smear 250-350 cells were counted.
Results
Sg prevents sperm capacitation and associated production of O 2 † -and NO †
We have reported that Sg dose-dependently prevents FCSu-induced capacitation (de Lamirande et al., 2001; de Lamirande, 2007) . Figure 1A now shows that Sg (0.1 mg/ml, optimal concentration; de Lamirande et al., 2001) also inhibited capacitation triggered by L-Arg (substrate for NOS), TPEN (Zn 2+ chelator) and BSA, but not that due to IBMX (phosphodiesterase inhibitor) + dbcAMP (cell permeant analog of cAMP), indicating an early action of Sg, upstream of the early intracellular increase of cAMP that occurs during capacitation. In addition, Sg blocked capacitation due to the exogenous addition of O 2 † -(from xanthine + xanthine oxidase, X + XO) or of NO † (DA-NONOate, NO † releasing compound) but not that due to the combination of both ROS. The possible involvement of ONOO -(from the reaction between O 2 † -and NO † and known to be endogenously formed in capacitating spermatozoa; de Lamirande and Lamothe, 2009) that could be proposed from these last data appeared plausible since capacitation induced by exogenous ONOO -(50 mM) was not significantly affected by Sg.
As expected from these data, Sg inhibited sperm NO † production triggered by FCSu, L-Arg, TPEN and BSA and even by X + XO but not that due to IBMX + dbcAMP (Fig. 1B) . Sg also blocked O 2 † -generation (Fig. 1C) related to the presence of the three inducers that could be tested, FCSu, L-Arg and TPEN. Sperm O 2 † -production is not affected by dbcAMP (de Lamirande et al., 1997) and the effect of BSA could not be assessed due to a known interference of this protein in the assay (de Lamirande and Lamothe, 2009). We have reported that Sg does not act merely as a scavenger for O 2 † -(de Lamirande et al., 2001) . We afterwards verified using a cell-free assay that the fluorescence resulting from incubation of Daf2 and DA-NONOate is not modified by Sg, therefore indicating that Sg is not a scavenger for NO †. Therefore, Sg appeared to block capacitation at least in part by interaction with sperm ROS (O 2 † -and NO †) production and before the early increase in intracellular cAMP.
Sg in sperm Triton-soluble and -insoluble extracts: presence and regulation
Sg degradation peptides are as powerful as Sg itself to inhibit capacitation (de Lamirande et al., 2001; de Lamirande, 2007) . Furthermore, Sg is found in the epididymis (Lundwall et al., 2002) and Sg-like peptides are present in spermatozoa (Zalensky et al., 1993; Robert and Gagnon, 1999; Martínez-Heredia et al., 2008) , suggesting potential roles for Sg inside spermatozoa. Therefore, we tested the possibility that Sg and/or its peptides are present in spermatozoa at levels that decrease when capacitation is initiated. Periods of 15 and 45 min have been chosen because O 2 † -generation starts immediately at the beginning of incubation and peaks about 30 min later (de Lamirande and Gagnon, 1995) .
Several protein bands from both Triton-soluble and -insoluble sperm fractions were recognized by the polyclonal anti-Sg antibody (Fig. 2) and their molecular masses (12, 15, 18, 20, 23, 26, 28, 30, 33, 35, 38, 47, etc.) were similar to those of know Sg peptides resulting from PSA degradation Gagnon, 1995, 1999; de Lamirande et al., 2001) and/or as visualized with controls of purified Sg and seminal plasma (incomplete liquefaction) run on gels. The Triton-insoluble sperm fraction had been washed before solubilization for SDS -PAGE to ensure that Sg fragments found would not simply be from a residual portion of Triton-soluble extract. Two film exposures are presented so that fainter bands can also be seen and then even Sg (SgI, 52 kDa and the 71 kDa form of SgII) itself can occasionally be detected. The anti-Sg antibody used is specific as seen after preincubation of the antibody with Sg or seminal plasma (Fig. 2) .
The levels of Sg and Sg peptides decreased with time in all samples. However, it is noteworthy that the initiation of FCSu-induced capacitation was associated with a much faster reduction in the intensity of most of the immunoreactive bands, both in Triton-soluble and -insoluble fractions (Fig. 2 ). An incubation period of 30 min then has been set for subsequent experiments on the regulation of Sg disposal to allow observation of major effects without unnecessarily multiplying the number of samples.
Prevention of capacitation by Sg is associated with inhibition of ROS production; furthermore, Sg did not block capacitation induced by the combination of O 2 † -and NO † (Fig. 1 ). Therefore, we tested the effects of ROS, as well as of SOD (scavenging of O 2 †-) and L-NMMA (NOS inhibitor) on the presence of Sg and Sg peptides in spermatozoa. The combination of O 2 † -and NO †, but not the individual ROS, caused a reduction in the level of sperm Sg fragments similar to that seen with FCSu (Fig. 3) . This effect was apparently not related to the formation of ONOO -since this ROS rather prevented the decrease in the amounts of Sg peptides found in spermatozoa (Fig. 3) . Conversely, addition of SOD or L-NMMA prevented the decrease in Sg fragments due to FCSu in the Triton-soluble sperm fractions. 2009). In the present study, treatment with Zn 2+ was associated with higher levels of Sg and Sg fragments in spermatozoa (Fig. 3) ; conversely, TPEN promoted the reduction of Sg levels ( Fig. 3 ) when used at a concentration that triggers capacitation and ROS generation ( Fig. 1; de Lamirande et al., 2009). Furthermore, the effects described above appeared as initiating events since the combination IBMX + dbcAMP, that bypasses the need of the early generation of ROS, promoted capacitation ( Fig. 1) without modifying the levels of Sg peptides in spermatozoa (data not shown).
Permeability and degradation of Sg in spermatozoa
It is intriguing that several Sg peptides were found in spermatozoa (Figs 2 and 3) because polypeptides are not expected to pass cell membranes. In order to verify this data and better verify if Sg is present in spermatozoa, we first froze (2808C) and thawed spermatozoa so that membranes break and the supernatant obtained after centrifugation has been considered as a cytosol-enriched fraction. The pellet was then treated with Triton as in previous experiments. Figure 4A shows that Sg prevents capacitation and ROS formation the three sperm fractions had very different protein patterns (silver stain) and also that they contained different Sg peptides (amount and molecular mass). Sg fragments with the lowest molecular masses were present in the Triton-soluble fraction but the cytosol-enriched fraction was the richest in Sg peptides. This was a good indication that Sg could enter cells but it is also possible that freezing-thawing releases Sg peptides bound to sperm surface or other structures. Sperm permeability to Sg was then evaluated. Spermatozoa were incubated with pure Sg (0.1 mg/ml, 30 min) and then washed by centrifugation over a discontinuous Percoll gradient before detergent extraction. It is noteworthy that only intact Sg (52 kDa) was found at the top of the Percoll gradient and that Sg peptides were detected in Triton-soluble and -insoluble sperm fractions (Fig. 4B) . Furthermore, the amounts of Sg peptides found in spermatozoa were then also much higher than endogenous levels since 10-fold lower quantities of sperm proteins had to be loaded on the gels for detection. These data indicated that Sg can pass sperm membranes but also suggested that Sg is processed by cells. To confirm this possibility, sperm fractions were incubated with pure Sg (0.01 mg/ml, 30 min) and Sg processing was subsequently evaluated by immunoblotting. The effect of Zn 2+ was also tested because PSA, the main enzyme responsible for Sg proteolysis in semen, is inhibited by this ion (Robert and Gagnon, 1999) . The cytosol-enriched fraction did not modify Sg but the Triton-soluble extract rapidly and extensively degraded Sg, an effect partially prevented by Zn 2+ (Fig. 4C) . The
Triton-insoluble sperm fraction processed Sg to a lesser extent and that action was also blocked with Zn 2+ . It has to be stressed again that the intrinsic Sg content of sperm extracts, as viewed in Fig. 4A , is not visible here because the amounts of exogenously added Sg exceed the endogenous levels (equivalent of only 0.1 × 10 6 cells loaded per well). Therefore, spermatozoa and mainly the Tritonsoluble fraction, processed Sg in a Zn 2+ -inhibitable fashion.
Sg itself was not modified by incubation with exogenous ROS (X + XO, DA-NONOate, ONOO -, alone or in combination) nor were SOD and/or L-NMMA effective to prevent Sg degradation due to sperm extracts in cell-free assays (data not shown). Therefore, ROS did not appear to directly interact with Sg or Sg processing enzyme but are rather expected to act on whole spermatozoa and consequently influence Sg metabolism.
Cellular localization of Sg is modified with capacitation
We used immunofluorescence to locate Sg in and on spermatozoa with the aim of correlating data obtained for capacitation ( Fig. 1 ) and immunoblotting (Figs 2 and 3) to something observable in cells. Formaldehyde fixation (Yoshida et al., 2009 ) resulted in high nonspecific binding of antibodies. Therefore, we treated smears either with methanol and Triton X-100 (fixation and permeabilization) or with TCA (fixation, to evaluate Sg adsorbed on cells; Hayashi et al., 1999) .
With the methanol-Triton fixation, whole flagella were labelled in all cells and head staining was according to two different patterns: some heads were bright and the equatorial segment even brighter (Fig. 5A, arrow) and the other heads were much paler with stronger fluorescence only at the base. The proportion of these cells with loss of fluorescence (therefore of bound Sg) on the equatorial segment and most of the head was increased with induction of capacitation with FCSu, TPEN and ROS (X + XO + DA-NONOate) but not when capacitation was prevented with Zn 2+ and SOD + L-NMMA (Fig. 5A) . No difference was observed as for labelling of the sperm flagellum. On TCA-fixed smears, all flagella were labelled in a spotty fashion and sperm heads again displayed two different patterns: some heads had strong fluorescence on the acrosome region (Fig. 5B, arrow) and the other heads only on the equatorial segment. The percentage of these cells with loss of fluorescence on the acrosome increased when spermatozoa were treated under capacitating conditions, FCSu, TPEN and ROS (X + XO + DA-NONOate), but not when Zn 2+ and SOD + L-NMMA were present (Fig. 5B) . The level of spontaneous acrosome reaction after 30 min of incubation in control or capacitating condition was always very low (1.5 + 0.3 and 1.8 + 0.4%, respectively) and could not explain the loss of fluorescence observed on the acrosomal region. No difference was observed as for labelling of the sperm flagellum. Spermatozoa were also treated with Sg (0.1 mg/ml, 30 min) and then Percoll-washed as for related immunoblotting assay (Fig. 4B) , before preparation of smears. The labelling patterns were identical to those seen with other treatments (Fig. 5) indicating that Sg, whether exo-or endogenous, adsorbs on the same cell structures. The percentages of spermatozoa without fluorescence on the equatorial segment (Fig. 5A ) or the acrosome (Fig. 5B) were then lower than those measured on control cells (BWW medium alone), suggesting that exogenous Sg prevents even the slow spontaneous release of Sg that may occur in control spermatozoa. Therefore, there were decreases in Sg levels observed in capacitating spermatozoa by immunoblotting (lower intensity of protein bands) and by immunofluorescence (loss of fluorescence on the head). These changes correspond well enough to suggest an association and a probable role for this protein as a regulator of capacitation.
Discussion
Results presented here confirm the role of Sg and Sg peptides as regulators of human sperm capacitation. They point out to ROS generators as main targets for Sg but also to ROS themselves as factors by which Sg levels are reduced and Sg actions ended. Sg blocked Figure 5 Sg localization on spermatozoa is modified during capacitation. Percoll-washed spermatozoa were incubated under various conditions (Fig. 3) (Fig. 1A) . Sg also inhibited ROS formation (Fig. 1B and C (Herrero et al., 2000a) or acting on targets other than those aimed at by FCSu, O 2 † -or NO †. Targets for Sg are probably not only at the membrane level as first expected since Triton-soluble and -insoluble sperm fractions contained Sg and Sg peptides, the amount of which declined faster in capacitating cells (Figs 2 and 3) . Interestingly, the levels of Sg and Sg peptides decreased at the early phase of capacitation (Fig. 2) , the interval of time in which O 2 † -synthesis is of paramount importance . ROS also appeared involved in the disposal of Sg and Sg peptides since treatment of spermatozoa with O 2 † -and NO † promoted, but treatment with SOD or L-NMMA prevented, the effect (Fig. 3) (Fig. 3) stressing the regulatory role for Zn 2+ in both these aspects of capacitation.
The decrease in Sg content noted in capacitating spermatozoa (Figs 2 and 3) was also observed by immunofluorescence. With both fixation methods used, there was a reduction in labelling at the level of the head in capacitating spermatozoa, which is consequent with the preparation of cells for the acrosome reaction. With methanol/Triton fixation, there was a loss of fluorescence mainly on the equatorial segment but also on most of the head (Fig. 5A) ; with TCA fixation, the bright fluorescence on the acrosome was lost (Fig. 5B) . Our images diverge from those reported before maybe because of different methods. Sg is found on the posterior head, midpiece and tail of spermatozoa (Lilja et al., 1989; Bjartell et al., 1996) when cells are washed by dilution-centrifugation which allows more proteins from seminal plasma, therefore more Sg, to stay on the cell surface. Sg binding is stronger on the mitochondrial region in formaldehyde-fixed spermatozoa (Yoshida et al., 2009 ) but this method resulted in high non-specific binding of antibodies in our hands. We chose fixation techniques to study permeabilized (methanol/Triton) and non-permeabilized (TCA) cells and to ascertain antibody specificity. The losses of Sg labelling, or on the equatorial segment (Fig. 5A ) or on the acrosome (Fig. 5B ) appear related to capacitation since they were promoted by FCSu, TPEN and ROS and prevented by Zn 2+ or SOD + L-NMMA.
The presence of Sg peptides in spermatozoa (Fig. 2 ) was first surprising but was then corroborated when Sg peptides were found in spermatozoa incubated for a short time with pure Sg (Fig. 4B) . Thus, sperm membrane appears permeable to Sg. Sg could be internalized during sperm transit through the cauda epididymis where it is first expressed (Bjartell et al., 1996) . Moreover, spermatozoa from asthenospermic men contain higher levels of a 20 kDa Sg peptide (SEMG1pre) although the origin of this peptide (epididymis or seminal plasma) is not known (Martínez-Heredia et al., 2008) . Our present results indicate that Sg may also permeate ejaculated spermatozoa (Fig. 4B ) and we could hypothesize that the cationic nature of Sg and Sg peptides may be central for the course of events.
Sg and its peptides are positively charged at physiological pH and have strong anti-microbial properties (Edströ m et al., 2008; Martellini et al., 2009) . A proposed mechanism by which cationic peptides act involves first an interaction with the highly negatively charged (due to anionic lipids and/or lipopolysaccharide) membrane of bacteria. Then, peptides may neutralize the charge over an area of membrane, causing its distortion or the formation of pores, which allows peptides to translocate across, or to insert themselves into, the membrane (Yeaman and Yount, 2003; Wilcox, 2004) . Most animal cells tend to have membranes with no, or very low, net surface charge and are unaffected by cationic peptides (Yeaman and Yount, 2003; Wilcox, 2004) . In contrast, sperm surface has a negative surface charge due mostly to its high content of protein-bound sialic acid (5.4 -11.4 mg/10 8 cells; Oshio et al., 1987) and this would allow interaction with cationic Sg. How Sg insertion and/or internalization then occurs is still to be determined but Yoshida et al. (2009) reported that Sg dose (1-5 mg/ml) and time (1-10 min) -dependently hyperpolarized sperm membrane and increased cell permeability to propidium iodide apparently without affecting cell viability. Sg is probably very strongly bound, or rather inserted in, the sperm membrane since Sg content was not affected by treatment with 2 M NaCl (data not shown). Sg binding to intracellular structures is surely also strong since Sg peptides are found even in the Triton-insoluble extract (Figs 2-4) . In addition, the Triton-soluble extract containing cell membranes, and maybe the inserted Sg, processed Sg as PSA would Gagnon, 1995, 1999; Jonsson et al., 2005 Jonsson et al., , 2006 , not only from the molecular masses of the peptides but also from the Zn 2+ -inhibition (Fig. 4C) . Thus, our data suggest that the roles and/or modes of action for Zn 2+ on capacitation may be by inhibition of Sg processing (Fig. 4C) and not only via a direct action on ROS generators ). An anti-PSA antibody did not recognize any sperm protein (2 × 10 6 cells) even though it clearly detected PSA in seminal plasma (80 ng protein; pilot assay). So, sperm membranes may have very low PSA levels or possess a PSA-like enzyme for Sg proteolysis.
ROS generators appear as main targets for Sg during capacitation. Sg and Sg peptides may directly act on NOS but also on transduction elements (ex: protein kinase C) needed for NOS activation . Conversely, the sperm oxidase producing O 2 †-is activated upstream of all known transduction cascades (O'Flaherty et al., 2006b; de Lamirande and O'Flaherty, 2008; , suggesting a direct action of Sg on the oxidase. Even though low levels of Sg (Fig. 1) and Zn 2+ ) inhibit the sperm oxidase, a pilot assay showed that 1 mg Sg/ ml and 150 mM Zn 2+ , are needed to lower by only 37 + 10 and 30 + 9%, respectively, the O 2 † -formed by activated neutrophils (phorbol myristate acetate, 100 nM; Methods: Plante et al., 1994) . This is additional evidence that the sperm oxidase is very different from the NADPH oxidase from neutrophils. Chatterjee et al., (1997) proposed a role for ROS in semen liquefaction because O 2 † -accelerated it and SOD delayed. Even if the amount of O 2 † -then used were very high, this theory may bear some relevance since the oxygen tension sharply rises from 5 to 20% at the time of ejaculation and that could explain why all 12 semen samples from normal men tested showed a temporary (15 -20 min) peak of ROS formation (luminol-amplified luminescence; Plante et al., 1994) , without any detrimental effect on motility, right after ejaculation (unpublished data). We noted that pure Sg is not degraded by O 2 † -and NO † at levels used for sperm capacitation (data not shown), which suggests that ROS themselves do not act as direct accelerators of semen liquefaction. However, ROS could also act on other seminal plasma components that would then promote Sg degradation and semen liquefaction.
It may appear contradictory that Sg blocks sperm ROS production ( Fig. 1) and, also, that ROS are needed to dispose of Sg in spermatozoa (Fig. 3) so that capacitation can be initiated and pursued. It is possible that Sg is adsorbed on, and enters into, spermatozoa at the time of ejaculation and so prevents premature capacitation. Then, a part of bound Sg (and Zn 2+ ) would be released from the cell surface when spermatozoa ascend the female genital tract (or are capacitated in vitro), which would allow the initiation of ROS synthesis. ROS and the release of Zn 2+ would favour Sg processing and the reduction of sperm Sg would then further amplify ROS formation. This cycle could start by the degradation and/or release of Sg, or by the formation of minute amounts of ROS; the two options are plausible and could exist in spermatozoa to warrant a sure initiation and progression of capacitation. Sg appears as a central factor in preventing premature capacitation (de Lamirande et al., 2001 ; present report) and related lowered fertility (de Lamirande and Gagnon, 1993; Cormier et al., 1997) . Conversely absent or slow degradation of Sg is also linked to infertility because of a resulting poor initiation of sperm motility (Robert and Gagnon, 1995) . It is also possible that, in intermediate cases, the higher level of sperm Sg found in some infertile men (Martínez-Heredia et al., 2008) and/or its slow processing (Robert and Gagnon, 1995) could delay, or even prevent, initiation of capacitation, even when sperm motility is normal.
In 
